Abstract -We showed, using the method of lysis of fibrin plates and five substrate proteins in a thin layer of agar gel, that inorganic orthophosphate (0.001-0.06 M) enhances by 50-250% the activatory functions of streptokinase, urokinase, and tissue plasminogen activator and, in general, by 1.2-12.0 times enhances protein lysis by trypsin, α -chymotrypsin, subtilisin, papain, bacterial metalloprotease, and even pepsin at a concentration < 4 mM. At higher concentrations, phosphate sharply inhibited pepsin activity and inhibited by 40-50% gelatin lysis by papain and gelatin (at a peak concentration) and casein lysis by metalloprotease. Inorganic pyrophosphate ions at concentrations of 10 -8 -10 -1 M enhanced the cleavage of a number of proteins by serine proteinases and, at concentrations of 10 -5 -10 -3 M, the activities of pepsin, plasminogen tissue activator, and streptokinase by 100 and 40%, respectively. The pyrophosphate concentrations of >10 -3 and >10 -4 M inhibited pepsinand metalloproteinase-catalyzed lysis of virtually all proteins. ATP increased casein lysis by serine proteinases, metalloproteinase, and pepsin by 20-60% at concentration of >10 -3 M and by 30-260% at 10 -2 M concentration. At concentrations of 10 -2 M, it inhibited the cleavage of some proteins by trypsin, chymotrypsin, papain, and metalloproteinase by 20-100%, and, at concentrations of 10 -3 M, lysis of albumin by pepsin and other proteins (except for fibrinogen) by metalloproteinase. A GTP concentration of 10 -7 -10 -2 M increased protein degradation by serine proteinases, papain, and gelatin lysis by pepsin by 20-90%, whereas albumin lysis was inhibited by 40 − 70%. The presence of 10 -6 -10 -5 M GTP led to a slightly increased degradation of hemoglobin and casein by bacterial metalloproteinase, while ≥ 10 -3 M GTP induced a drop in the activity of the metalloproteinase by 20 − 50%. ADP enhanced gelatin lysis by trypsin, casein lysis by pepsin and papain, and inhibited metalloproteinase activity by 20-100% (at ≥ 10 -3 M). Peculiarities of the effects of AMP and GD(M)P on gelatin lysis were found. 
INTRODUCTION
Physicochemical mechanisms of proteolytic reactions and their regulation on molecular and cellular levels are still obscure. 2 Particularly, the role of inorganic phosphate ions for proteolysis regulation is unclear; despite the apparent triviality of the problem, the published data are fragmentary. It has earlier been shown that mitochondrial fractions of mouse brain and liver did not degrade fibrin. Fibrinolysis only occurred in the presence of P i [1] [2] [3] . Addition of ATP also induced fibrinolytic activity, and in the presence of ADP + P i the effect of incomplete additivity was observed. It could indicate the stimulation of proteolysis due to ATP resynthesis. However, fibrinolytic activity was also observed in the presence of a uncoupling agent, 2,4-dinitrophenol, and it was not abolished by cyanide [2, 3] . Individual lymphoblast cell lines were also demonstrated to increase the proteolytic activity in the presence of P i [4] . According to the data of inhibitory analysis, this effect is not related always to ATP resynthesis. All these facts suggest that there is another way of proteolysis stimulation with P i independent of ATP resynthesis, and it is the so called "phosphate effect." The nature and occurrence of the phosphate effect remain practically unknown.
In 1987, a specific inhibition of plasminogen-activating function of streptokinase by ATP and 3',5'-AMP was reported: the process was inhibited by 50% at nucleotide concentrations of 0.1 M [5] . Other nucleotides (ADP, 2'-, 3'-, or 5'-AMP, GTP, UTP, and CTP) did not cause this effect. The attempts to explain this property by the ability of nucleotides to scavenge a superoxide radical considering the clearly shown involvement of superoxide radical in plasminogen activation by streptokinase [6] failed. For example, ATP and GTP turned out to have comparable efficacies of interactions with the superoxide radical in a model system [7] , but only ATP inhibited the activatory function of streptokinase. Longolytin, a fibrinolytic protease from the fungus Arthrobothrys longa , was inhibited in the presence of 0.1 M ATP by 75% [8] . This ATP concentration is rather high, but further studies of plasminogen-activatory activity of β -and γ -subunits of the nerve growth factor showed that the effective nucleotide concentration was within 0.1 mM [3, 9] , with the β -subunit being more sensitive than the γ -subunit. However, the distribution, mechanism, and the role of this phenomenon are also unclear.
The goal of this work was to reveal specific features of ortho(pyro)phosphate and nucleoside phosphate action on protein cleavage with various proteases and plasminogen-activatory activity of plasminogen activators.
RESULTS AND DISCUSSION
Proteases cleaved substrate proteins selected for our experiments both in the presence and even in the absence of P i , PP i , or nucleoside phosphates (control groups). The majority of proteases cleaved gelatin and casein most effectively (Table 1) . Plasminogen activators in the absence of the listed effectors initiated lysis of the fibrin gel with the following intensity: streptokinase, 290 ± 15 mm 2 ; urokinase, 506 ± 23 mm 2 ; and plasminogen tissue activator, 180 ± 7 mm 2 .
Inorganic ortophosphate increased hemoglobin cleavage catalyzed by three serine proteases, particularly, subtilisin by 36-1100% 3 , gelatin lysis by trypsin and α -chymotrypsin by 33-358%, and BSA lysis by subtilisin by 20-92% (Fig. 1 ). The effect of P i on the cleavage of other proteins by these proteinases was not so strong; moreover, there was no effect in the case of casein and fibrinogen. Inorganic orthophosphate enhanced hemoglobin, casein, and BSA degradation 3 Only statistically reliable changes ( P ≤ 0.05) are given hereinafter.
(but not fibrinogen) with papain by 22-76%, whereas, as a rule, it inhibited gelatin lysis. The pepsin-catalyzed proteolysis was enhanced by 45-200% in the presence of only a low P i concentration. With an increase in effector concentrations, the pepsin activity was noticeably inhibited up to complete inhibition (for BSA and casein).
The most marked increase in the activity of bacterial metalloprotease in the presence of P i (with the maximum at 0.03 M) was observed for hemoglobin degradation (by 44-240%) and to a lesser extent, for gelatin and BSA. At the maximal P i concentration, gelatin degradation was inhibited by 44%. Phosphate inhibited the metalloproteinase-catalyzed casein cleavage by 22-47%.
Plasminogen-activatory capacity of all plasminogen activators was increased in the presence of inorganic phosphate by 20-230%, but an especially potent effect was observed for the tissue activator from pig heart (Fig. 2) .
Since the addition of phosphates changes in ionic strengths of solutions, we studied the effect of sodium chloride at varied concentrations on gelatin cleavage with proteases [2] .
Only trypsin showed the effect analogous to sodium chloride and phosphates in the same range of alterations of the ionic strength. Hence, changes in activities of chymotrypsin, subtilisin, papain, and pepsin in the presence of P i are not related to changes in the ionic strength of the solution and are specific [2] .
Inorganic pyrophosphate. Degradation of a number of proteins by serine proteases increased by 20-400% in the presence of PP i (Fig. 3 ). For example, lysis of hemoglobin and gelatin with chymotrypsin and subtilisin rose by 28-226%. These proteins were cleaved by 55-250% more intensely with papain at PP i concentrations of ≥ 10 -2 M. Degradation of casein and hemoglobin with pepsin and metalloprotease was enhanced by 31-75% at PP i concentrations of 10 -6 to 10 -4 M, and of fibrinogen by pepsin, by 44-83%. At the same time, pyrophosphate inhibited by 55% casein lysis by subtilisin at a concentration of 10 -1 M; BSA lysis with papain at a concentration of 10 -4 to 10 -1 M; and of all proteins with pepsin and bacterial metalloproteinase ( 10 -4 M). 
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In the presence of 10 -5 to 10 -3 M, PP i induced a marked growth of pepsin-catalyzed cleavage of gelatin, fibrinogen, and hemoglobin. The found effects of PP i are not a result of changes of solution ionic strength. Inorganic pyrophosphate increased plasminogenactivatory capacity of the tissue activator and streptokinase (but not of urokinase) by 20-95% at a concentration of 10 -4 to 10 -3 M and by 25-30% at a concentration of 10 -5 to 10 -4 M (Fig. 2) . Plasminogen-activatory capacity of urokinase was inhibited by 10 -1 M pyrophosphate by 40%.
Adenosine phosphates. ATP additives at concentrations of ≥10 -3 M activated casein lysis by trypsin by 40-57%, by chymotrypsin, by 21-40%, and subtilisin, by 23-55%; potentiated pepsin-catalyzed lysis of several proteins: casein, by 28-108% in the whole range of concentrations; fibrinogen, hemoglobin, and BSA in the presence of 10 -2 M ATP by 258, 122, and 35%, respectively; gelatin in the presence of 10 -4 to 10 -2 M ATP, by 34-152%, and metalloproteinase-catalyzed lysis of casein by 36-52% in the presence of 10 -7 to10 −5 M ATP, and BSA, by 42% at 10 -6 M ATP (Fig. 4) . At the same time, nucleoside triphosphate at a concentration of 10 -2 M inhibited proteolysis of substrates with trypsin (by 20-56% except for fibrinogen), chymotrypsin, and papain (by 27-65% except BSA) and met- alloprotease (by 64-100%). The inhibition of pepsincatalyzed cleavage of BSA was observed at an ATP concentration of 10 -3 M. At this concentration, ATP inhibited lysis by metalloproteinase of all the tested proteins by 25-77%. In general, ADP only weakly affected protease-catalyzed gelatin degradation ( Table 2) . Alterations of activity of these proteases did not exceed 20% as a rule within the concentration range of 10 -3 to10 -8 M. However, at a nucleotide concentration of 10 -2 M, gelatin degradation with trypsin increased by 82% and with papain, by 45%.
At AMP addition, gelatin degradation only grew by 23-25% for trypsin (10 -3 M nucleotide) and papain (10 -3 M). It was inhibited by 23-30% for subtilisin (10 −4 to 10 -5 M) and by 21-32% for metalloprotease 10 -5 to 10 -3 M). At concentrations of 10 -5 to 10 -2 M, AMP inhibited pepsin-catalyzed gelatin lysis by 20-56%.
Guanosine phosphates. The effect of GTP on trypsin proteolytic activity was mainly observed at its concentration of 10 -2 M as potentiation of protein degradation by 25-82%. An exception was BSA, as its destruction was inhibited by 50% (Fig. 5) . At this GTP concentration, chymotrypsin-catalyzed cleavage of fibrinogen and casein; it grew by 22-31%. At nucleotide concentrations of 10 -7 to 10 -6 M and 10 -4 M chymotrypsin gelatinolytic activity increased by 32-39%. At higher concentrations (10 -2 M), GTP caused inhibition of hemoglobin and BSA cleavage by chymotrypsin by 22 and 44%, respectively. GTP inhibited hemoglobin and BSA degradation with subtilisin by 43 and 66%, respectively, at a concentration of 10 -2 M and casein lysis by 22-23% at a concentration of 10 -4 to 10 -3 M. Fibrinogenolytic activity of papain at the highest peak nucleotide concentration grew by 44%, whereas BSAlytic activity was varied in a complicated manner: from a 21-29% increase at 10 -5 to 10 -6 M GTP to 43% inhibition at 10 −2 M. GTP stimulated pepsin-catalyzed gelatin cleavage by 34-37% within the concentration range of 10 -6 to 10 -4 M, and BSA degradation, only at a peak concentration (by 87%), whereas within the range of 10 -4 to 10 -3 M, the lysis of this protein was inhibited by 35-40%. GTP inhibited hemoglobin degradation with pepsin by 24-26% at concentrations of 10 -3 to 10 -2 M. Proteolytic activity of bacterial metalloprotease was inhibited by 22-63% in the presence of 10 -3 to 10 -2 M GTP.
Degradation of gelatin by trypsin in the presence of GDP (10 -3 -10 -2 M) increased by 32-56%, whereas GMP enhanced the protein lysis by 80% only at peak concentrations (Table 2) . Gelatinolytic activity of chymotrypsin affected by GDP grew within the whole concentration range by 25-60%, whereas GMP caused its 40% increase at a concentration of 10 -5 M only. At a maximal concentration, GDP (but not GMP) inhibited gelatinolytic activity of subtilisin by 22%. At a concentration of 10 -3 M, GDP (for GMP, the concentration was one order of magnitude higher) stimulated gelatinolytic activity of papain by 24-25%. At the same time, GMP rather then GDP inhibited the protein degradation by pepsin by 60% at a concentration of 10 -2 M, whereas metalloprotease activity dramatically fell (by 74%) in the presence of GDP at a maximal concentration.
The whole set of the data obtained reveals new aspects of proteolysis regulation on the molecular level. Particularly, P i ions can essentially change the intensity of protein cleavage by proteases belonging to various groups (serine, cysteine, aspartic, metalloproteases, etc.) as well as plasminogen-activatory capacity of streptokinase, urokinase, and a tissue activator from a pig heart. The effect does not depend only on the catalyst nature or ion concentration. To a large extent, it is also determined by the used substrate protein. This fact is methodically important. However, this matter was not given sufficient attention in literature. The obtained results support stimulation of protease-catalyzed protein cleavage in the presence of P i at a certain concentration. Hence, the described earlier "phosphate effect" can be realized at the enzyme-substrate level, although its mechanism is still unclear. Meanwhile, P i ions are vital in living organisms and form one of the tissue and cell buffer systems. Elucidation of the mechanism of the "phosphate effect" requires special studies of interactions of phosphate ions with proteases or plasminogen activator sites as well as with substrate protein macromolecules. This is a laborious task, which seems standard at first sight, but, in reality, it can be associated with a number of unexpected issues.
Ions PP i also potently affect on protease-catalyzed protein cleavage and plasminogen activation. However, in this case, the inhibition of the cleavage was more pronounced in the range of PP i concentrations of 10 -5 to 10 -1 M. At the same time, orthophosphate P i was the most effective inhibitor of pepsin proteolytic activity at a concentration of >0.005 M, whereas, at a minimal concentration, it induced a sharp growth of this activity.
We showed that ATP activates the substrate protein degradation with the tested proteases to various degrees, but sometimes rather effectively. Hence, the phenomenon of ATP-activated and ubiquitin-nonmediated proteolysis is more widespread than it is generally accepted. In fact, before our studies, the ATP activation of proteolysis was only shown for papain [10] . The mechanism of this stimulation also needs further experiments especially as there are no published data on the autophosphorylation of the tested proteases. At the same time, in some cases, ATP inhibited proteolytic activity of pepsin and metalloprotease at a concentration of 10 -3 M, and at higher concentrations it inhibited trypsin, chymotrypsin, and pepsin activities. The direction and power of the effect substantially depended on the substrate protein. Therefore, the discrepancy in the results obtained by different authors is explainable. For example, an Argentine group reported about ATP inhibition of insulysin proteolytic activity [11] . Later data of the researchers from one of the USA centers were quite opposite [12] . It can be noted that both protease samples and substrates used in these studies were not identical.
These facts extend our knowledge about ATP-inhibited proteolysis reactions, but the nature of this phenomenon is still vague. We supposed that nucleotide action could result from the presence of specific purinbinding sites in protease molecules [13] . However, the earlier facts imply the indifference, for example, of streptokinase activatory function to nucleotides except ATP [5] , and the results described above, about different efficiency, for example, of ATP, ADP, and AMP PYZHOVA, NIKANDROV Table 2 . The effect of nucleoside phosphates on gelatin degradation by various proteases in a thin layer of agar gel (mm 2 of lysis area), n = 5 ions or ATP as "probes" for a finer differentiation of these strains [14] . Plasminogen tissue activator was isolated from a pig heart as described in [15] . Human fibrinogen and thrombin were from Scientific Practical Center of Hematology and Transfusiology of Belorussian Ministry of Health; bovine hemoglobin, Hammerstein casein, bovine serum albumin, and other chemicals of chemically pure or pure for analysis grades were from CIS (they were used without additional purification). 
